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E-mail address: junliu@hsc.wvu.edu (J. Liu).Caveolin-1 (Cav-1) plays an important role in the organization of signaling molecules involved in a
variety of signaling pathways, including those mediating cell motility. Here we show that amino
acids K47–K57 of Cav-1 are a highly conserved sequence in Cav-1 and Cav-3 proteins, and that
expression of either K47–K57 deletion Cav-1 mutant or wild-type Cav-2 that lacks this sequence
exhibits a non-polarized distribution pattern. Expression of K47–K57 in Cav-2 leads to Cav-2 polar-
ity, suggesting that expression of K47–K57 is sufﬁcient to direct caveolin polarity. Importantly, we
show that expression of this sequence is both necessary and sufﬁcient to promote cell directional
migration. Thus, our results support the conclusion that Cav-1 polarity is critical for cell directional
migration.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Directional migration is an essential process for tissue organiza-
tion, organogenesis, homeostasis, wound healing, and tumor
metastasis [1]. A key feature of a migrating celi is the acquisition
of structural and functional asymmetry, i.e., cell polarization [2].
The front of a migrating cell generates protrusive force, which is
associated with the extension of a lamellipodium or pseudopod
through localized polymerization of F-actin. This is coupled to an
actomyosin contraction at the cell posterior. Convincing evidence
has indicated that the members of the Rho family of small GTPases,
including Cdc42, Rac, and Rho, play important roles in the dynamic
reorganization of the actin cytoskeleton, regulation of the assem-
bly and disassembly of focal adhesions and cell movement.
Cdc42 and Rac are responsible for the formation and organization
of cortical actin networks and the protrusion of ﬁlopodia and
lamellipodia [3], whereas RhoA controls the retraction of cell tail
[4]. Recent studies have identiﬁed the upstream signaling path-
ways that control the activation of Rho family GTPases [5,6], andchemical Societies. Published by E
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c ﬁbroblasts; WT, wild-type;
ehydrogenase
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Box 9229, Morgantown, WVadditional important signaling molecules, including phosphatidyl-
inositol-3,4,5-trisphosphate, that direct lamellipod protrusion [7].
Although critical for cell polarity, it is not clear what regulates
the polarized activation of signaling molecules in a migrating cell.
Caveolins are major structural proteins of the specialized
microdomains in the plasma membranes, named caveolae. Three
different genes have been identiﬁed in mammalian cells. Caveo-
lin-1 (Cav-1) and caveolin-2 (Cav-2) are co-expressed in many cell
types, while caveolin-3 is muscle-speciﬁc [8]. Cav-1 interacts with
a number of signaling proteins including Src family kinases, phos-
phoinositide 3-kinase, integrins, Ga subunits, H-Ras, protein
kinase C, endothelial nitric oxide synthase, and epidermal growth
factor receptor [9–12]. Each caveolin-interacting signaling protein
binds the same membrane-proximal region of Cav-1, termed the
caveolin scaffolding domain (residues 82–101) [13,14]. In general,
interaction with Cav-1 via the caveolin scaffolding domain leads to
inactivation of target proteins. Thus, Cav-1 may function generally
as an endogenous negative regulator of many signaling proteins.
Given this view, one would predict that a relocation of Cav-1 to
one part of a cell (i.e., caveolin polarity) without a substantial
change in the expression level would reinforce an inhibitory effect
at that part of the cell, e.g., the cell rear, but release its inhibitory
activity on the other side, i.e., the leading edge. Indeed, we and
others have recently demonstrated that Cav-1 is polarized to the
rear of migrating cells [15–17], and that Cav-1 polarity appears
to be mediated by aa 46–55 at the N-terminus of Cav-1 [15].
Furthermore, the results from our lab and others have showed thatlsevier B.V. All rights reserved.
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ic depletion of the protein severely impeded cell polarity and
directional migration [15,16,18].
To gain insight into the molecular determinant of how Cav-1
polarity was controlled, we designed a number of double aa dele-
tion mutants of Cav-1 within aa 45–60 and examined their effects
on Cav-1 polarity. Here, we show that a conserved sequence, i.e., aa
K47–K57, in Cav-1 and Cav-3 proteins was identiﬁed, and that all
the double deletion mutants within this sequence block Cav-1
polarity. In addition, we show that expression of this sequence is
sufﬁcient to direct caveolin polarity and promote cell directional
migration.
2. Materials and methods
2.1. Reagents
GFP polyclonal antibody and Cav-1 polyclonal antibody (N-20)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Mouse monoclonal antibody against Cav-2 was from BD Transduc-
tion Laboratories (San Jose, CA). pEGFP-N1 vector was purchased
from BD Biosciences (San Diego, CA). BJ5183-AD-1 electroporation
competent cells and pAdTrack-CMV vector were generous gifts
from Dr. Bert Vogelstein of The Johns Hopkins Medical Institutions.
Cell culture media, LipofectamineTM2000 reagent were purchased
from Invitrogen (Carlsbad, CA).
2.2. Plasmids construction
The full-length cDNA encoding murine Cav-1, Cav-2 and their
mutants was fused in-frame to the N-terminus of GFP. Mutations
in Cav-1 and Cav-2 were generated by PCR from the cDNA of mur-
ine Cav-1 or Cav-2 (see Fig. 1). EcoRI and BamHI restriction sites
were added to 50 and 30 ends of murine Cav-1 or Cav-2 cDNA by
PCR using the TripleMaster PCR System (Brinkmann Instruments
Inc.). The PCR products were subcloned into the EcoRI and BamHI
sites of the pEGFP-N1 eukaryotic expression vector. The orienta-
tion and sequence of the cDNA encoding Cav-1, Cav-2 and their
mutants were veriﬁed by sequencing.
2.3. Cell culture
Primary mouse embryonic ﬁbroblasts (MEFs) were obtained
from either wild-type (WT) or Cav-1/ Day 13.5 mouse embryos
as previously described [15]. Cells were cultured in Dulbecco’s
modiﬁed Eagle’s medium supplemented with 10% fetal bovine ser-
um, 0.1 mM MEM non-essential amino acids (aa) solution, 2 mM
glutamine, 100 units/ml penicillin, and 100 units/ml streptomycin
in a 37 C, 5% CO2 incubator. Early passages (passage <5) of primary
MEFs were used for all experiments.
2.4. Confocal microcopy and image analysis
Cells expressing GFP-tagged normal or mutant forms of caveo-
lins were plated on 0.2% gelatin coated glass coverslips to allow
migration, ﬁxed with 2% paraformaldehyde in PBS for 20 min at
22 C, and then mounted with Fluoromount-G (SouthernBiotech
Inc.). Fluorescence images of the cells were acquired on an upright
Carl Zeiss LSM 510 confocal microscope equipped with C-Apochro-
mat 40/1.2 W water-immersion objective using the 488 nm line
of an argon laser. Cell borders were outlined from DIC images by
white dash lines. Images of polarized cells expressing GFP-tagged
proteins were randomly recorded. Green ﬂuorescence intensity in
six regions (three at the cell front and three at the cell rear) of each
cell was measured using Image J software (http://www.rsb.info.nih.gov/ij/) as previously described [15]. Cav-1 depolarization
was assumed if a ratio of rear to front ﬂuorescence intensity was
equal to or less than the cells expressing GFP. A partial polarization
was assumed if a ratio of rear to front ﬂuorescence intensity of a
Cav-1 mutant was signiﬁcantly higher than the cells expressing
GFP, but less than WT Cav-1.
2.5. Chemotaxis assay
Chemotaxis analysis was conducted in Dunn chamber as we
have described previously [15]. Cells were seeded on a glass cov-
erslip coated with 0.2% gelatin and starved for 4 h prior to the
assay. To set up gradient experiments, both concentric wells of
the chamber were ﬁlled with starvation medium (DMEM with
0.25% FBS) and the coverslip seeded with cells was inverted onto
the chamber in an offset position leaving a narrow slit at one
edge for reﬁlling the outer well. The medium of outer well
was drained and replaced with DMEM supplemented with 10%
FBS. Differential interference contrast (DIC) images of cells were
captured at 2 min intervals for a total of 6 h using a Zeiss LSM
510 laser scanning confocal system with 10 objective. The
number of migrating cells was determined as we have described
previously [15].
2.6. Multiple sequence alignment
The alignment of the sequences of caveolin proteins was ob-
tained using the program CLUSTAL version 2.0.5 (http://www.clus-
tal.org). The sequences are those of cattle Cav-1 (GeneBank
accession number, NP_776429), sheep Cav-1 (Q6B3Y2), pig Cav-1
(NP_999603), mouse Cav-1 (NP_031642), rat Cav-1 (AAR16308),
rabbit Cav-1 (Q09YN6), human Cav-1 (NP_001744), cattle Cav-3
(Q2KI43), pig Cav-3 (NP_001032226), human Cav-3 (NP_203123),
mouse Cav-3 (NP_031643), rat Cav-3 (NP_062028), cattle Cav-2
(NP_001007809), sheep Cav-2 (Q09YJ1), pig Cav-2 (Q2QLE2), rab-
bit Cav-2 (Q09YN7), mouse Cav-2 (NP_058596), rat Cav-2
(NP_571989), and human Cav-2 (AAB88492).
2.7. Western blot analysis
Cell lysates were separated by SDS–PAGE on a 12% gel, electro-
transferred to a nitrocellulose membrane, and immunoblotted
with antibody against Cav-1, Cav-2, or glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). Bands were visualized by Super-
Signal West Pico Chemiluminescent Substrate (Pierce Chemical
Co.).
2.8. Adenovirus production, ampliﬁcation, and puriﬁcation
Normal and mutant cDNA of Cav-1 or Cav-2 fused in frame
with DNA sequence encoding FLAG tag were cloned into pAd-
Track-CMV, and the resultant constructs were digested with
PmeI and electro-transformed into BJ5183-AD-1 competent cells
for recombination. The puriﬁed recombinant adenoviral con-
structs were digested with PacI, and transfected into AD293 cells
to generate adenovirus. After 7–10 days, the primary adenovirus
was generated. AD293 cells reaching 90% conﬂuency were
infected with the primary adenovirus. The cells were then incu-
bated at 37 C for 48 h. Following incubation, the cells were
collected and suspended in 10 mM Tris–HCl (pH 7.9) buffer.
Three freeze/thaw cycles were performed at 20 C (until com-
pletely frozen)/37 C (until fully thawed), and then supernatant
was collected for puriﬁcation. The adenovirus was puriﬁed by
sequential cesium chloride gradient centrifugation. After puriﬁ-
cation, the virus was desalted and stored at 80 C.
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Fig. 1. Schematic representation of wild-type and mutant caveolin-1 and caveolin-2. Caveolins are divided into three domains. The N-terminus and C-terminus are separated
by a hydrophobic transmembrane domain (TM). All full-length and mutant Cav-1 and -2 were fused with GFP. The location of residues deletion in each construct is indicated
by an open box. The replacement of amino acids 30–44 of Cav-2 with caveolin polarization domain is indicated by a black box. The ability of the constructs to polarize in
migrating Cav-1 KO cells is indicated in the column to the right of each construct.
X.-H. Sun et al. / FEBS Letters 583 (2009) 3681–3689 36833. Results
3.1. aa K47–K57 are required for Cav-1 polarity
In order to determine which aa within the sequence of aa 46–55
mediated Cav-1 polarity and to gain insight into the molecular
determinant of how Cav-1 polarity was controlled, we generated
a series of double aa deletion mutants from aa 45 to 60 of Cav-1
(Fig. 1) and expressed the mutants as GFP-fusion proteins in Cav-
1 knockout (KO) cells. We compared the polarity of the double
deletion mutants with full-length Cav-1-GFP, which was relocated
to the cell rear in a migrating cell (a in Fig. 2A). Deletion of either aa
45–46 or 59–60 did not affect Cav-1 relocation to the cell rear (b
and i in Fig. 2A). When aa 47–48 were deleted, some signals of
the mutant were detected at cell front, although the mutant was
concentrated at the cell rear (c in Fig. 2A), suggesting partial polar-
ization of the mutant (see next paragraph). In contrast, double
deletion of either aa 49–50, 51–52, 53–54, 55–56 or 57–58 com-
pletely blocked Cav-1 polarity (d–h in Fig. 2A).
To statistically analyze polarized Cav-1-GFP signals in migrating
cells, ﬂuorescence intensity of each mutant at the cell front and cell
rear of migrating cells was detected and a ratio of rear to front ﬂuo-
rescence intensity was determined as we have described previ-
ously [15], and compared either with full-length Cav-1-GFP
(polarized protein) or GFP (non-polarized protein). The ﬂuores-
cence intensity ratios of the deletion mutants, Cav45D46-GFP and
Cav59D60-GFP, were very close to that of full-length Cav-1, but
2.5- and 2.2-fold higher than that of GFP, respectively (P < 0.01)(Fig. 2B). By comparison, ﬂuorescence intensity ratios of Cav-1 mu-
tants including double deletions of aa 49–50 (Cav49D50-GFP), 51–
52 (Cav51D52-GFP), 53–54 (Cav53D54-GFP), 55–56 (Cav55D56-GFP),
and 57–58 (Cav57D58-GFP) were very close to that of GFP, but
2.8-, 3.0-, 2.5-, 2.7-, and 2.5-fold lower than that of full-length
Cav-1, respectively (P < 0.01) (Fig. 2B), indicating a loss of polarity.
Deletion of aa 47–48 resulted in a decrease in the ﬂuorescence
intensity ratio by more than 30% compared to full-length Cav-1
(P < 0.05), but an increase by more than 1.8-fold compared to
GFP (P < 0.01) (Fig. 2B), indicating a partial polarization of the mu-
tant. The effect of aa deletion on Cav-1 polarity was not caused by
protein expressions, since the expression levels of the Cav-1 mu-
tants were comparable (Fig. 2D).
Also, we examined whether the number of Cav-1 polarized cells
was affected by mutation of these aa by comparing the ratio of rear
to front ﬂuorescence intensity of each mutant with that of GFP. We
and others have demonstrated previously that target knockdown
or genetic depletion of Cav-1 impedes cell polarization, suggesting
that Cav-1 polarity appears to play an important role in cell polar-
ization and directional movement [15,16,18]. We predicted that
ectopic expression of full-length Cav-1 in Cav-1 KO cells would re-
store cell polarization and that expression of Cav-1 depolarization
mutants would impede cell polarization and, subsequently, the
polarity of the Cav-1 mutants. Thus, in this experiment, we focused
only on the polarized subpopulation of the cells. Polarization of a
Cav-1 mutant was assumed if ﬂuorescence intensity ratio of the
mutant was higher than 2 standard deviations of the mean of
GFP. Fig. 2C shows that 77.8 ± 8.8% of morphologically polarized
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Fig. 2. Double amino acids deletion reveals minimal amino acid sequence required for Cav-1 rear polarization. (A) Cav-1 KO cells transfected with the constructs encoding
double aa deletion mutants were seeded on 0.2% gelatin coated cover-slips and incubated to allow migration. Then, the cells were ﬁxed and examined by confocal
ﬂuorescence microscopy. Representative images of the cells expressing the constructs are shown (a–c and i, cell borders are outlined by dot lines). Note that GFP-tagged full-
length Cav-1 (a) and Cav-1 deletion mutants including Cav45D46-GFP (b) and Cav59D60-GFP (i) polarize well at cell rear (arrows in a, b, i), whereas deletion of aa 47–48 partially
blocks polarization of the protein (c). In contrast, double deletions among aa 49–58 (d–h) prevent polarization of these Cav-1 mutants. Scale bar, 20 lm. (B) Images of
polarized cells expressing the Cav-1 mutants (nP 35 for each construct) as in (A) were randomly recorded. Fluorescence intensity of GFP-tagged proteins at cell front and cell
rear was measured as described in Section 2, and a ratio of rear to front ﬂuorescence intensity was determined. Data are the means ± S.E.M. from three independent
experiments. *P < 0.01 compared to GFP; **P < 0.01 compared to full-length Cav-1 (Cav1–178-GFP); #P < 0.05 compared to full-length Cav-1. (C) The number of Cav-1 polarized
cells was determined by comparing the ratio of rear to front ﬂuorescence intensity in each mutant with that of GFP. Polarization of a Cav-1 mutant was assumed if
ﬂuorescence intensity ratio of the mutant was higher than 2 standard deviations of the mean of GFP. Data are the means ± S.E.M. from three independent experiments. (D)
Cell lysates from a parallel set of the cells transfected with the Cav-1 mutants as in (A) were subjected to SDS–PAGE, and the levels of Cav-1 expression were detected using
antibody for GFP. GAPDH was blotted to show equal protein loading.
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The percentages of Cav-1 rear polarized cells expressing either
Cav45D46-GFP or Cav59D60-GFP are 80.0 ± 2.3% or 75.1 ± 1.8%,
respectively, which are similar to that expressing full-length Cav-
1. In contrast, the percentages of Cav-1 rear polarized cells express-
ing either Cav49D50-GFP, Cav51D52-GFP, Cav53D54-GFP, Cav55D56-GFP
or Cav57D58-GFP are dramatically reduced, with the values ranging
from 2.8 ± 4.8% (Cav49D50-GFP) to 12.6 ± 10.8% (Cav53D54-GFP).
These results let us to conclude that aa 47–58 at the N-terminus
of Cav-1 are essential for the protein polarization.
3.2. Multiple sequences alignment analysis reveals a novel conserved
sequence among mammalian caveolins
In addition to caveolin scaffold domain andmembrane insertion
domain, previous studies have identiﬁed the most conserved se-
quence of caveolins between C. elegans and humans, i.e., aa F68-
P75 of Cav-1 (asterisks, Fig. 3), which is known as the ‘‘caveolin sig-
nature sequence/domain” [19,20]. Notably, another highly con-
served region within the N-terminus of Cav-1 proteins, aa K47–
K57 (gray box), is 100% identical to Cav-3, but 27% identical and
45% similar to Cav-2 proteins. The analysis result suggests that this
sequence may mediate caveolin function shared by Cav-1 and -3,
but not Cav-2. Interestingly, our present study shows that muta-
tion of aa within 47–58 blocks Cav-1 polarity (Fig. 2), suggesting
that this sequence is critical for Cav-1 dynamics. Consistent with
this, WT Cav-2 that does not possess this domain, exhibited non-
polarized distribution pattern in migrating cells (see Fig. 4). Based
on these results, we propose that the newly identiﬁed conserved
sequence, aa K47–K57, may represent a new domain that is essen-
tial for caveolin polarity, and thus, termed caveolin polarization
domain (CPD).
3.3. Expression of CPD is sufﬁcient to induce Cav-2 polarity
The second member of the caveolin gene family, i.e., Cav-2, was
ﬁrst identiﬁed by Scherer et al. [19] and has been shown to co-ex-
press and co-localize with Cav-1 in many cell types. The precise
role of Cav-2 remains largely unknown, although recent evidence
has suggested that Cav-2 may modulate Cav-1-dependent caveolae
formation [21].Cav-1|Cattle M S G G K YV D S E G H L YT V P I R E Q GN I YK P N NK A MA E E
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Fig. 3. Multiple sequence alignment of mammalian caveolin-1, -2 and -3 proteins. The a
proteins. Caveolin signature sequence is indicated by asterisks ().To further investigate the role of the CPD in mediating Cav-1
polarity, we transiently transfected Cav-1 KO cells with the CPD-
deletion mutant of Cav-1, DCPD-Cav-1-GFP, and observed that, in
deed, deletion of the CPD resulted in a loss of polarity (b in
Fig. 4B). The ﬂuorescence intensity ratio of the deletion mutant
was very close to that of GFP, but 2.7-fold lower than that of full-
length Cav-1 (P < 0.01) (Fig. 4C). Because Cav-2 lacks the CPD
(see Fig. 3), we reasoned that Cav-2 would not undergo polariza-
tion in a migrating cell. To test this, WT Cav-2 was transiently ex-
pressed in Cav-1 null cells, and the polarity of Cav-2 was
determined as described above. Fig. 4B shows that WT Cav-2
exhibits non-polarized distribution pattern (c). The ﬂuorescence
intensity ratio of WT Cav-2 is same as that of GFP (Fig. 4C). This re-
sult is consistent with our hypothesis and provides a tool to test
whether expression of the CPD would be sufﬁcient to induce
Cav-2 polarity. For this purpose, a sequence of 15 aa that contains
the CPD was engineered into Cav-2 (Fig. 4A) and expressed in Cav-
1 KO cells. Intriguingly, expression of the CPD substituent Cav-2,
CPD-Cav-2-GFP, results in polarization of the protein at the cell
rear (d in Fig. 4B). The ﬂuorescence intensity ratio of the CPD sub-
stituent is now 2.6-fold higher than that of GFP (P < 0.01) (Fig. 4C),
which is consistent with polarized distribution of the mutant. Con-
sistent with our observations described above, the number of cells
exhibiting polarized distribution of wtCav-2-GFP is only 10%,
which can be restored to full-length Cav-1 level by substitution
with the CPD in Cav-2 (Fig. 4D).
Taken together, these results let us to conclude that the CPD is
both necessary and sufﬁcient for caveolin polarity.
3.4. CPD is both necessary and sufﬁcient for promoting directional
migration
A good body of evidence has indicated that Cav-1 may function,
in general, as an endogenous inhibitor of signaling molecules,
including those involved in cell motility [22]. Based on recent re-
sults from our laboratory and the others demonstrating that Cav-
1 was polarized at the cell rear of migrating cells [16,17], we
hypothesized that polarized signal activity at the cell leading edge
that directs cell protrusion may be controlled by the asymmetrical
distribution of Cav-1 in a migrating cell [16]. Consistent with our
hypothesis, we and others have showed that target knockdownMN E KQ V Y D A H T K E I D L V N R D P K HLNDDVVK I D F E DV I A E P   75
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H S GVD F A D P E K F P D T G P D R D P H GLN - S H LKLG F E DV I A E P   60
H S GVD Y A D P E K Y V D S S H D R D P H QLN - S H LKLG F E D L I A E P   60
H S VVD Y T D P E K Y V D S S Q D R D P H QLN - S H LKLG F E D L I A E P   60
H S GL E Y A D P E K F A D S D Q D R D P H R LN - S H LKLG F E DV I A E P   60
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mino acids highlighted in the gray box are 100% identical among Cav-1 and Cav-3
01
2
3
4
5
6
Fl
uo
re
sc
en
ce
 in
te
ns
ity
 ra
tio
C
el
l n
um
be
r (
%
)
0
10
20
30
40
50
60
70
80
90
Ca
v1
-17
8-G
FP GF
P
CP
D-
Ca
v-2
-G
FP
A
B
C D
Cav-1
CPD-Cav-2
 AHTKEIDLVNRDPKH
wt
Ca
v-2
-G
FP
*
****
*
44 58
30 44
CN
CN
ΔC
PD
-C
av
-1-
GF
P
Ca
v1
-17
8-G
FP
CP
D-
Ca
v-2
-G
FP
wt
Ca
v-2
-G
FP
ΔC
PD
-C
av
-1-
GF
P
Fig. 4. Expression of caveolin polarization domain in caveolin-2 leads to caveolin-2 polarization. (A) Schematic representation of CPD-Cav-2. Amino acids 30–44
(PEKYVDSSHDRDPHQ) of mouse Cav-2 were replaced with aa 44–58 (AHTKEIDLVNRDPKH) of mouse Cav-1 (the CPD is indicated by bold characters). (B) Representative
images of Cav-1 KO cells expressing GFP-tagged full-length Cav-1 (a), wild-type Cav-2 (c), CPD-deletion mutant Cav-1 (b), or CPD substitution mutant Cav-2 (d) are shown.
Note that substitution with CPD in Cav-2 results in Cav-2 polarization (arrows in d), whereas wild-type Cav-2 displays non-polarized and predominant para-nuclear
distribution (c). Scale bar, 20 lm. (C) Images of polarized cells expressing the indicated constructs were randomly recorded (nP 32 for each construct). The ratio of rear to
front ﬂuorescence intensity for each construct was determined as described in Fig. 2B. Data are the means ± S.E.M. from three independent experiments. *P < 0.01 compared to
GFP; **P < 0.01 compared to full-length Cav-1 (Cav1–178-GFP). (D) The number of CPD-Cav-2 polarized cells was determined as described in Fig. 2C. Data are the means ± S.E.M.
from three independent experiments.
3686 X.-H. Sun et al. / FEBS Letters 583 (2009) 3681–3689or genetic depletion of Cav-1 impede cell polarization and direc-
tional migration [15,16,18], and that re-expression of full-length
Cav-1, but not the aa 1–60 deletion mutant Cav-1, in Cav-1 KO cells
restores directional migration [15]. However, whether CPD would
play a critical role in cell polarity and directional migration is not
known. To test this, Cav-1 KO cells were infected with adenovirusencoding either WT caveolins or caveolin mutants, and cell polarity
and directional migration were determined as we described previ-
ously [15].
As shown in Fig. 5A, genetic depletion of Cav-1 substantially
inhibits cell polarity by 4.7-fold, which is consistent with previous
observations [16,18]. Re-expression of full-length Cav-1, but not
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X.-H. Sun et al. / FEBS Letters 583 (2009) 3681–3689 3687the CPD-deletion mutant Cav-1 (DCPD-Cav-1), WT Cav-2 (wtCav-
2) or GFP, restores cell polarity to WT phenotype. Intriguingly,
expression of the CPD substituent Cav-2 (CPD-Cav-2) increases sig-
niﬁcantly cell polarity by 3-fold over that in Cav-2 expressing cells.
These results suggest that the CPD is essential for cell polarity.
Based on these results, we expected that mutation of CPD would
affect directional migration. As can be seen in Fig. 5B, the direc-
tional migration of Cav-1 KO cells toward serum gradient is se-
verely impaired. Only 7.5 ± 0.5% of Cav-1 KO cells exhibit
directional movement toward serum, whereas 23 ± 1.5% of WT
cells show directional migration (P < 0.01). When Cav-1 KO cells
are transduced to express full-length Cav-1, 23.8 ± 1.6% of the cells
regain the ability to migrate toward serum. In contrast, only
5.6 ± 2.2% of the cells expressing the CPD-deletion mutant Cav-1
show directional movement (P < 0.01). These results allow us to
conclude that the CPD is required for directional migration. Inter-
estingly, expression of WT Cav-2 that lacks the CPD and exhibits
non-polarized protein distribution (see Fig. 4B) fails to rescue
Cav-1 WT phenotype. In contrast, expression of the CPD substitu-
ent Cav-2 restores directional migration (Fig. 5B). These results
indicate that expression of the CPD is sufﬁcient to promote direc-
tional migration. The levels of exogenously expressed full-length
and the CPD-deletion mutant Cav-1 are comparable and equal to
the level of endogenous Cav-1 (Fig. 5C). Expression of either
wtCav-2 or CPD-Cav-2 results in increases in endogenous Cav-2 le-
vel (Fig. 5D). Previous study showed that the degradation of Cav-2
was accelerated in the absence of Cav-1 [23] (see Fig. 5D). Trans-
duced expression of exogenous Cav-2 may competitively inhibit
the degradation of endogenous Cav-2. It seems unlikely that the
gain-of-function of directional migration by CPD-Cav2 results from
increased level of endogenous Cav-2 expression, because expres-
sion of non-polarized wtCav-2 also causes an increase in the
endogenous Cav-2 level (Fig. 5D).GAPDH
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Fig. 5. Caveolin polarization domain is both necessary and sufﬁcient for promoting
directional migration. (A, B) Quantitative analysis of cell polarity (A) and directional
migration (B). Wild-type or Cav-1 null cells infected with or without adenovirus
encoding either full-length Cav-1 (wtCav-1), CPD-deletion mutant Cav-1 (DCPD-
Cav-1), wild-type Cav-2 (wtCav-2), or CPD substituent Cav-2 (CPD-Cav-2) were
subjected to either cell polarization or chemotaxis Dunn chamber analysis. For
polarization assay, cells were seeded for 6 h, and images were randomly taken. For
migration assay, cells were exposed to a serum gradient from 0.25% to 10% FBS. The
number of chemotactic cells was determined by counting the cells with net
movement toward higher serum concentration as described in Section 2. Note that
Cav-1 null cells expressing wild-type Cav-2 exhibit negligible chemotactic move-
ment, which is rescued by substitution with CPD in Cav-2. Data are the
means ± S.E.M. from three independent experiments. *P < 0.01. (C, D) The expres-
sion levels of the indicated constructs in Cav-1 null cells are shown. The same
membranes were reprobed with antibody against GAPDH to show equal protein
loading.4. Discussion
Previous studies have identiﬁed several functional elements of
caveolin. These include the caveolin scaffolding domain [13], cave-
olin oligomer domain [24], a putative Golgi apparatus targeting se-
quence [25], the sequences that inﬂuence caveolin trafﬁcking
[20,26], the sequences that affect caveolae formation [15,27], and
the most conserved caveolin signature sequence [19,20]. Our pres-
ent study uncovered a highly conserved region at the N-terminus
of Cav-1 proteins, i.e., aa K47–K57. Our results suggest that this se-
quence may play an important role in Cav-1 polarity and cell direc-
tional migration, although the function of this sequence remains to
be fully characterized. These observations are supported by data
demonstrating that (1) mutations of any aa within this sequence
inhibit Cav-1 polarity; (2) expression of this sequence is sufﬁcient
to induce the polarity of WT Cav-2, which does not possess this do-
main and exhibits a non-polarized distribution in migrating cells;
(3) expression of either the CPD-deletion mutant Cav-1 or WT
Cav-2 cannot rescue cell directional migration; and (4) expression
of the CPD is sufﬁcient to induce directional migration.
The CPD is composed of a cluster of acidic (D, E) and basic (K, R)
aa. The sequence motif is consistent with the proposed Cav-1 mod-
el suggesting that the hydrophilic domain remains cytoplasmic
and accessible for cytosolic protein interactions [28]. The CPD
has features in common with prostate apoptosis response-4 (Par-
4, also known as PAWR), a tumor suppressor gene, which is in-
volved in mediating protein trafﬁcking and function [29,30]. Thus,
the highly charged aa are likely interacted with a cytoplasmic fac-
tor(s) that may control Cav-1 localization in a migrating cell.
Directional migration is a complex and integrated process.
Migrating cells exhibit highly polarized activities at the leading
3688 X.-H. Sun et al. / FEBS Letters 583 (2009) 3681–3689edge and the cell rear, which are spatially segregated. These activ-
ities must be coordinated in order to achieve efﬁcient migration.
Studies in the past have identiﬁed the Rho family of small GTPases,
including Cdc42, Rac, and Rho, as one of the key players in the dy-
namic reorganization of the actin cytoskeleton and directional
movement [3,4]. Rac is required at the cell front to regulate actin
polymerization and membrane protrusion, and it has been shown
that activated Rac is concentrated at the leading edge of migrating
cells [31]. Rho is required to regulate the contraction and retraction
forces in the cell body and cell rear, and it is expected that Rho
activity would be concentrated at cell rear. Although critical for cell
migration, it is not clear how the polarized activities are spatially
controlled.
It has been proposed that caveolins form a scaffold onto which
many signaling molecules are assembled to generate signaling
complexes. A good body of evidence has demonstrated that the
interactions between Cav-1 and signaling proteins generally lead
to suppression of the activity of the signaling molecules [9]. Given
this view, we hypothesized that the polarized distribution of Cav-1
in a migrating cell may play an important role in the establishment
and maintenance of polarized activities [16]. Consistent with our
hypothesis, previous studies have reported that caveolin interacted
with and compartmentalized members of the Rho family of small
GTPases, such as RhoA, Rac, and Cdc42 [32–35]. Interestingly,
Cav-1 preferentially bound to Cdc42-GDP over Cdc42-GTP, sug-
gesting that Cav-1 may function as a Cdc42 GDI [34]. In addition,
Cav-1 appeared to affect the activities of Rho, Rac, and Cdc42, since
a recent study showed that genetic depletion of Cav-1 caused in-
creases in Rac-GTP and Cdc42-GTP, but a decrease in Rho-GTP
[18]. Apart from an effect on Rac activity, Cav-1 also inhibited plas-
ma membrane targeting of Rac and subsequently inactivated its
effector, Pak [36]. Given these observations, one would expect that
alteration of Cav-1 expression levels would affect cell polarity. In
deed, we and other group have demonstrated recently that protru-
sion is absent in the area where Cav-1 is concentrated [16], and
that down-regulation of Cav-1 enhances protrusive activities at
the cell leading edge and inhibits cell polarization [16,18].
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